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performance supercapacitor applications
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Mn3O4/Ni foam composites were synthesized by a one-step hydrothermal method in an aqueous solution containing
only Mn(NO3)2 and C6H12N4. It was found that Mn3O4 nanorods with lengths of 2 to 3 μm and diameters of 100 nm
distributed on Ni foam homogeneously. Detailed reaction time-dependent morphological and component evolution
was studied to understand the growth process of Mn3O4 nanorods. As cathode material for supercapacitors, Mn3O4
nanorods/composite exhibited superior supercapacitor performances with high specific capacitance (263 F · g−1 at
1A · g−1), which was more than 10 times higher than that of the Mn3O4/Ni plate. The enhanced supercapacitor
performance was due to the porous architecture of the Ni foam which provides fast ion and electron transfer, large
reaction surface area, and good conductivity.
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Pseudocapacitors, based on reversible redox reactions
at/near the surface of the electrode, represent one type
of supercapacitors having the potential for high energy
densities [1-3]. As is known, the excellent electrode should
primarily meet the following key requirements: (1) a large
number of electroactive sites, (2) high transport rates of
both electrolyte ions and electrons, and (3) high electronic
conductivity [4]. Among various pseudocapacitor elec-
trode materials, RuO2 has been extensively studied be-
cause of its ultrahigh theoretical capacitance (2,000 F · g−1
in a wide potential window of 1.4 V), a nearly metallic
electrical conductivity and excellent chemical stability [5].
However, RuO2 has the drawbacks of high cost and tox-
icity. Therefore, extensive efforts have been made to
search for alternative materials, such as Ni, Co, or Mn-
based oxides/hydroxides [6-9]. Because the energy density
of a supercapacitor is proportional to the square of the cell
voltage, the energy density of Ni- and Co-related materials
is limited by the narrow potential window [10].* Correspondence: zhuye@sdu.edu.cn
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in any medium, provided the original work is pMn3O4 is a potentially interesting electrode material
for electrolytic supercapacitors due to its low cost, non-
toxicity, environmental compatibility, and intrinsically
high capacity [11,12]. However, the capacitance property
of Mn3O4 has been rarely investigated because of its
poor electronic conductivity. A common strategy with
poor electronic conductors is to combine them into com-
posites with conducting substrates such as nanoporous
gold, various carbon materials, and Ni foam [13,14]. Ni
foam, as a commercial material with high electronic con-
ductivity and a desirable three-dimensional (3D) structure
is widely used as the electrode substrate material [15,16].
It would not only reduce the diffusion resistance of elec-
trolytes but also provide a large surface area for loading
active material. There have been some reports on the syn-
thesis of Ni- and Co-based oxides/hydroxides on Ni foam
[17-20]. However, there are very few reports on the fabri-
cation of Mn-based oxides/hydroxides on Ni foam, except
for the MnO2/CNT/Ni foam electrode [21,22]. To the
best of our knowledge, one-pot hydrothermal synthesis of
Mn3O4 nanorods structures on Ni foam has not been
reported.
Here, we report facile direct synthesis of Mn3O4 nano-
rods on Ni foam with diameters of about 100 nm and
lengths of 2 to 3 μm via one-pot hydrothermal process,en Access article distributed under the terms of the Creative Commons
g/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction
roperly cited.
Figure 1 XRD pattern (a) and Raman spectra (b) of Mn3O4/Ni
foam composite.
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redox activity of the Mn3O4/Ni foam composite is dem-
onstrated in terms of pseudocapacitive performance.
The effect of reaction time on the crystal growth mech-
anism and supercapacitor performance of the Mn3O4/Ni
foam is well discussed.
Methods
Chemicals
Hexamethylene tetramine (C6H12N4) and Mn(NO3)2
(50%) solution were purchased from Shanghai Chemical
Reagent Company (Shanghai, China), while Ni foam
(5 g/100 cm2) was purchased from Changsha Liyuan
New Material Co., Ltd. (Changsha, China). All reagents
used in this experiment were of analytical grade without
further purification. The Ni foam was immersed in con-
centrated hydrochloric acid for 10 min and then washed
with acetone, ethanol, and distilled water several times
before use.
Synthesis of samples
In a typical procedure, 3 mL Mn(NO3)2 (50%) solution
and 2 g C6H12N4 were dissolved in 17 mL distilled water.
After vigorously stirring, the resulting solution and the
pre-cleaned Ni foam were transferred into a Teflon-lined
stainless autoclave. The autoclave was sealed at 120°C for
10 h and then cooled to room temperature naturally. The
products were washed with distilled water several times,
and finally dried in a vacuum desiccator at 50°C. The de-
posit weight of Mn3O4 was accurately determined by cal-
culating the weight difference between the Ni foam coated
with Mn3O4 after the hydrothermal process and the Ni
foam before the hydrothermal process.
Characterization
The morphology of samples was characterized by scan-
ning electron microscopy (SEM, JEOL JSM-6700 F,
Akishima-shi, Japan) at an accelerating voltage of 10 kV.
The obtained samples were characterized by X-ray pow-
der diffraction (XRD) on a Bruker D8 advanced X-ray
diffractometer (Madison, WI, USA) with Cu Ka radiation
(λ = 1.5418 Å) at a scan rate of 0.02° · s−1. Raman spectra
were obtained using LabRAM HR UV/vis/near-IR spec-
trometer (Kyoto, Japan) with an argon-ion continuous-
wave laser (514.5 nm) as the excitation source.
The electrochemical measurements were performed in
a standard three-electrode cell on a CHI 760D potentio-
stat at room temperature, where 1 cm2 (1 × 1 cm) of the
obtained composite was used as the working electrode, a
Pt plate was chosen as the counter electrode and a satu-
rated calomel electrode (SCE) was selected as the refer-
ence electrode. A 4-M NaOH solution was used as the
electrolyte.Results and discussions
Component characterization
To examine the phase composition and structure of the
samples, XRD analysis was carried out and the pattern is
shown in Figure 1a. The as-prepared sample displays
typical hausmannite Mn3O4 diffraction lines, which is in
agreement with JCPDS card 18–0803. The peaks at
around 44° and 52° are indexed to the Ni planes (111)
and (200) of the Ni foam substrate, respectively. This re-
sult indicates that the utilized hydrothermal conditions
are favorable for the formation of pure Mn3O4. More-
over, the XRD peaks are relatively broad, indicating that
the crystals constituting the products are small in size.
Raman spectra can be used to gain more information
about structure (Figure 1b). Consistent with the XRD
data, the peak at 652.3 cm−1 corresponding to the crys-
talline Mn3O4 structure are clearly observed [23].Morphology characterization
The photographs of the Ni foam (a) and the Mn3O4/Ni
foam composite (b) are shown in Figure 2. The Ni foam
Figure 2 Digital photographs of (a) the Ni foam and (b) Mn3O4/
Ni foam composite.
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ing the formation of Mn3O4 on the Ni foam. The SEM
image at low magnification shows that the pristine Ni
foam has a 3D porous structure (Figure 3a). This porous
skeleton of Ni foam would provide effective electrolyte ac-
cessible channels for ion transportation, and shorten the
distance for ion diffusion. Figure 3b,c,d shows SEM imagesFigure 3 SEM images of (a) the 3D structure of Ni foam and (b,c,d) Mof the Mn3O4/Ni foam composite at different magnifi-
cations. These images show highly dense nanorods on
Ni foam substrate. The individual nanorod is approxi-
mately 100 nm and approximately 2 to 3 μm in diameter
and length, respectively, and the aspect ratio is greater
than 20 in most cases.
Electrochemical capacitance of Mn3O4/Ni foam electrode
Cyclic voltammetry (CV) and galvanostatic charging-
discharging measurements were performed to evaluate
the electrochemical properties and quantify the specific
capacitance of the Mn3O4/Ni foam composite. The CV
curves of the composite at different scan rates between
5 and 20 mV · s−1 are presented in Figure 4a. Different
from an ideal rectangular shape of the typical electrical
double-layer capacitance, the redox reaction peaks
indicate that the capacitance mainly results from the
pseudocapacitive capacitance [24]. The pseudocapa-
citance arises from the reaction between the Mn4+ ions
and NaOH electrolyte [25,26]. The peak current in-
creases when the scan rate increases from 5 to 20 mV · s–1,
while the anodic peaks shift toward the positive poten-
tial and cathodic peaks shift toward the negative poten-
tial, which demonstrates the quasi-reversible nature of
the redox couples [27,28].
The charging-discharging curves of the Mn3O4/Ni foam
were measured at various current densities (shown inn3O4/Ni foam composite with different magnifications.
Figure 4 CV and charging-discharging curves, corresponding specific capacitance, and capacitance retention of Mn3O4/Ni foam
electrode. (a) CV curves of the Mn3O4/Ni foam electrode at different scanning rates. (b) Charging-discharging curves of the Mn3O4/Ni foam elec-
trode at different current densities. (c) The corresponding specific capacitance as a function of current density. (d) Capacitance retention of the
Mn3O4/Ni foam electrode as a function of cycle number. The insert shows the charging-discharging profiles of the first ten cycles recorded with a
current density of 1 A · g−1.
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where C (F · g−1) is the specific capacitance; i (A · g−1) is
the discharge current density, Δt (s) is the discharge
time, and ΔV (V) is the discharge potential range. The
specific capacitance values of the Mn3O4/Ni foam com-
posite evaluated from the discharge curves are 293, 263,
234, 214, and 186 F · g−1 at the current density of 0.5, 1,
2, 3, and 5 A · g−1, respectively (Figure 4c). The signifi-
cant capacitance decrease with increasing discharge
current density is likely to be caused by the increase of
potential drop due to electrode resistance and the rela-
tively insufficient Faradic redox reaction of the Mn3O4/Ni
foam composite under higher discharge current densities.It is noteworthy that the specific capacitance of the as-
prepared Mn3O4/Ni foam composite is higher than of the
previously reported Mn3O4 in other forms, i.e., Ma et al.
reported a specific capacitance of 130 F · g−1 (in 1 M
Na2SO4 electrolyte at a current density of 1 A · g
−1) for
Mn3O4/graphene nanocomposites prepared by a one-
step solvothermal process [29], and Wang et al. reported a
specific capacitance of 159 F · g−1 (in 6 M KOH electrolyte
at a scan rate of 5 mV · s−1) for Mn3O4/graphene synthe-
sized by mixing graphene suspension in ethylene glycol
with MnO2 organosol [30]. The high capacitance of the
as-prepared Mn3O4/Ni foam composite can be attributed
to the positive synergistic effects between Mn3O4 and Ni
foam. The skeleton of Ni foam could reduce the aggre-
gation of the Mn3O4 nanorods, making the Mn3O4
nanorod accessible for electronic and ionic transport path-
ways and enhancing the utilization of the active materials.
Figure 5 XRD pattern (a) and Raman spectra (b) of the powder scratched from composite electrode after different reaction time.
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network for electron transport during the charge and dis-
charge processes.
The endurance test was conducted using galvanostatic
charging-discharging cycles at 1 A · g−1 (insert of Figure 4d).
The discharge capacitance loss after 2,000 consecutive
cycles is about 20%. The specific capacitance degradation
is estimated to be from 263 to 205 F · g−1 (Figure 4d).Figure 6 SEM images of composite obtained after different reaction tAlthough the Ni foam serves as a conductive matrix to
promote fast Faradaic charging and discharging of the
Mn3O4 nanorods, its loose structure leads to the flaking
off of the nanorods from the Ni foam substrate.
Time-dependent Mn3O4/Ni foam composite properties
To shed light on the formation process, temporal evolution
of the Mn3O4 nanostructures was studied by examiningimes. (a,b) 1 h; (c,d) 4 h; (e,f) 8 h.
Figure 7 Supercapacitive properties of composite obtained after different reaction times (1, 4, and 8 h). (a) CV curves recorded in 4 M
NaOH solution at 20 mV · s−1; (b) corresponding specific capacitance as a function of scan rate; (c) charging-discharging curves at 1 A · g−1current
density; (d) corresponding specific capacitance as a function of current density.
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4, and 8 h. XRD patterns and Raman spectra were mea-
sured to identify the components of the different samples.
The XRD patterns of the composite obtained under 1 h
can be indexed to MnO2 and Mn3O4 crystal structures
(Figure 5a). For the composites obtained under 4 and 8 h,
the intense XRD peak at 2θ ≈ 19°disappeared correspond-
ing to the MnO2 (200) crystal structures and the left peaks
attribute to the Mn3O4 crystal structures. Figure 5b shows
the Raman spectra of the powder scratched from compos-
ite electrodes. The peak position of composites obtained
under 4 and 8 h are red shifted compared with that of the
composite obtained under 1 h. As is known, the Raman
spectra for the MnO2 phase and the Mn3O4 phase are lo-
cated at 638.5 cm−1 and 652.5 cm−1, respectively [31].
Therefore, this red shift of Raman spectra indicates the
component variation from the MnO2 phase to Mn3O4,
which is in excellent agreement with the result obtained
from the XRD study. The SEM images of productsobtained under different reaction times of 1, 4, and 8 h are
shown in Figure 6. The products collected after 1 h
consisted of nanosheets with a thickness of about 30 nm
(Figure 6a,b). When the reaction time increases to 4 h,
some nanorods accompanied with nanoparticles begin to
appear (Figure 6c,d). As the reaction proceeds to 8 h, the
nanosheets disappeared and all of the products are nano-
rods with few nanoparticles (Figure 6e,f). After 10 h of the
hydrothermal reaction, well-defined nanorods are obtained
(Figure 3c,d). Based on the time-dependent morphology
evolution described above, the formation mechanism of
Mn3O4 nanorods can be proposed. At the initial stage, a
large number of nanocrystallites nucleate and grow into
nanosheets to minimize the overall energy of the system.
However, the nanosheets are just intermediate products
and not stable. After the reaction for 4 h, some of the
nanosheets dissolve with the emergence of nanorods with
some nanoparticles. When the reaction proceeds for 8 h,
all of the nanosheets have transformed into nanorods with
Figure 8 Charging-discharging curves of Mn3O4/Ni plate
electrode (a) and corresponding specific capacitancesas a
function of current density (b). (a) Curves are measured at
different current densities.
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sheets and the growth of nanorods occur simultaneously
during the hydrothermal reaction. Further increase of the
reaction time results in the development of well-defined
and uniform nanorods without any impurity.
The electrochemical properties of products obtained
under different reaction time were studied in 4 M NaOH
solution. Figure 7a shows the CV curves of the products
at a scan rate of 20 mV · s−1. As the reaction time in-
creases from 1 to 8 h, the redox current density in-
creases. The product obtained under 8 h may show the
best capacitive behavior of the three products because
the specific capacitance increases with the current density
at the same scan rate. Figure 7b depicts the specific cap-
acitance of the products under different reaction time at
scan rates between 5 and 50 mV · s−1. All of them show
that the specific capacitance gradually decreases as the
scan rate increases, which can be attributed to the diffu-
sion limitations in pore [22]. Obviously, the product ob-
tained at 8 h has the highest specific capacitance,
consistent with the CV tests in Figure 7a. The discharge
curve of the composite obtained under 8 h displays a lon-
ger plateau than that of 1 and 4 h at 1 A · g−1 (Figure 7c).
It is known that the increase of the charging time repre-
sents the higher capacitance at a fixed discharge current
density. The dependence of the specific capacitance on
the current density is compared in Figure 7d. The specific
capacitance of the composite obtained at 1 h is 44, 39, 35,
31, and 27 F · g−1 at 0.5, 1, 2, 3, and 5 A · g−1, respectively.
For current densities beyond 5 A · g−1, the iR drop is too
large to permit an accurate calculation of the specific cap-
acitance. In contrast, the specific capacitance of the com-
posite obtained at 8 h is 232, 206, 183, 167, and 147 F · g−1
at the corresponding current densities. Combined with
the curve in Figure 4b, the composite obtained at 10 h ex-
hibits the highest specific capacitance. The increase in the
specific capacitance can be attributed to the unique struc-
ture of the composite, and a longer period of reaction time
leads to closer contact between the Ni foam substrate and
the active material. Similar phenomena were also observed
at the nanostructured Ni(OH)2/Ni foam whose specific
capacitance reached the highest after the longest reaction
time [32].
Electrochemical capacitance of Mn3O4/Ni plate
electrode- comparison with Mn3O4/Ni foam
As is known, the substrate is important to pseudocapaci-
tor electrode materials. To investigate the electrochem-
ical capacitance of the composite as a function of the
substrate, control experiment was conducted using the
Ni plate instead of the Ni foam for Mn3O4 growth under
the same condition. Figure 8a shows the charging-
discharging curves of the Mn3O4/Ni plate measured at
different current densities. Compared with the curve inFigure 4b, the decrease in the charging time represents
the lower capacitance of the Mn3O4/Ni plate. The spe-
cific capacitances of the Mn3O4/Ni plate are 27, 24, 21,
and 19.6 F · g−1 at 0.5, 1, 2, and 3 A · g−1, respectively
(Figure 8b). The specific capacitance of the Mn3O4/Ni
foam is more than 10 times higher than that of the
Mn3O4/Ni plate. The Ni foam substrate with microholes
and zigzag flow channels results in excellent mass trans-
port property and large surface area per unit volume of
the electrode.
Conclusions
A facile one-step hydrothermal method was successfully
developed to synthesize Mn3O4 nanorods on Ni foam. The
complete absence of any surfactant enabled the product to
have high purity. The formation process was proposed to
include the dissolution of nanosheets, followed by the for-
mation of uniform nanorods. The obtained Mn3O4 nano-
rods have diameters of about 100 nm and lengths of 2 to
3 μm. A high specific capacitance of 263 F · g−1 has been
achieved for the Mn3O4/Ni foam at 1 A · g
−1, which is
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strates. Porosity may enhance the electrolyte/Mn3O4 con-
tact area and shorten the electrolyte diffusion length in the
nanostructures. The cost-effective fabrication and remark-
ably high specific capacitance provide great potential for
this type of hybrid nanostructure to be used as an active
electrode for supercapacitor application.
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